Medically important ticks (Acari: Ixodidae) are often difficult to identify morphologically. A standardized, molecular approach using a 658 base pair DNA barcode sequence (from the 5' region of the mitochondrial cytochrome c oxidase subunit I gene) was evaluated for its effectiveness in discriminating ticks in North America, with an emphasis on Canadian ticks. DNA barcodes were generated for 96 of 154 specimens representing 26 ixodid species. A genetic cluster analysis was performed on the barcode sequences, which separated specimens into haplogroups closely corresponding with morphologically identified species. The tree topology was further supported by a BIN analysis. COI sequences generated were found to have a mean maximum intraspecific divergence of 1.59% and a mean nearest neighbour divergence of 12.8%, indicating a significant "barcode gap". This study also revealed possible cryptic diversity among specimens morphologically identified as Ixodes soricis and Ixodes texanus. A PCR-based test for Borrelia burgdorferi determined that 18.1% of Lyme-competent ticks in this study were positive.
Introduction
The family Ixodidae, the hard-bodied ticks, is comprised of 702 species within 14 genera (Guglielmone et al. 2010) and includes species capable of transmitting bacterial, viral, and protozoan pathogens to their animal and human hosts. One of the most common tick-borne zoonotic diseases in Canada is Lyme disease, caused by the spirochete bacteria Borrelia burgdorferi. In North America, the primary vectors of B. burgdorferi include Ixodes scapularis and I. pacificus; meanwhile, I. affinis, I. dentatus, I. spinipalpis (Eisen and Lane, 2006) , and I. muris (Dolan et al. 2000) are also suitable vectors. A study published by Besansky et al. (2003) argues that taxonomic revisions should focus on vectors, such as ticks, that are responsible for the spread of medically relevant pathogens and that the use of DNA-based approaches for species discrimination should be incorporated into these revisions.
Traditionally, ticks have been identified morphologically. However, difficulties can arise due to significant variation within larval, nymphal, and adult tick life stages. The immature stages (larvae and nymphs) are the most difficult to identify (Anderson et al. 2004 ). These specimens have minuscule physical characteristics that are hard to distinguish even with a stereoscopic microscope. Further difficulty ensues if the ixodid tick is engorged or if the specimen has been disfigured, which often occurs when removing a tick from its host (Anderson et al. 2004) . The aforementioned difficulties with identification are compounded by the fact that the most recent morphological key for ixodid ticks in Canada was published over 50 years ago (see Gregson, 1956 ). This key is now incomplete based on current knowledge of tick diversity and distribution in the country.
A DNA-based approach to specimen identification of ixodid ticks is advantageous in that it can be used to identify immature ticks and destroyed samples to species level. The DNA barcode methodology represents a prime candidate to undertake this task as it is the most comprehensive initiative of all the DNA-based approaches (IBOL.org). DNA barcoding uses short, standardized gene sequences for specimen identification and species discovery (Herbert et al. 2003a) . For animals, the standard barcode D r a f t 4 consists of 658 base pair (bp) of the 5' region of the mitochondrial cytochrome c oxidase subunit I gene (herein referred to as the COI gene).
Another advantage of the DNA barcoding approach is the increased transparency and reproducibility of sequence data enabled by the Barcode of Life Data System (BOLD; www.barcodinglife.org), an online workbench for the management, analysis, and archival of barcode records that includes specimen images and the Barcode Index Number (BIN) framework for organizing records into species-like groupings and for delineating cryptic taxa (Ratnasingham and Hebert 2013) .
A bioidentification system for all animals has been proposed using this gene, and scientists have successfully demonstrated its success for diverse taxonomic groups (Hebert et al. 2003b; Witt et al. 2006; Clarke et al. 2006 ) including various parasitic taxa (Ogedengbe et al. 2011; Webster et al. 2012; Cywinska et al. 2006 ) and even limited numbers of Ixodidae species (Barrett et al. 2005; Lv et al. 2013) .
A recent study of Ixodidae collected in China found that as a single gene identification system, COI was more effective at delineating Ixodidae species than 16S or 18S (Lv et al. 2013) . A large-scale DNA barcode study of Ixodidae has not been undertaken in Canada or North America in general. In addition, the vast majority of publicly available tick barcodes on GenBank and BOLD are focused on the major vectors of Lyme disease.
Further development of molecular approaches may also prove useful for detecting both the host species and the presence of infection, contributing to public health by improving diagnoses and in epidemiological studies. Once barcoded, Lyme-competent vector ticks in this study were screened for systemic infection of B. burgdorferi using a nested PCR-based assay. This test is specific for the OspA gene, which encodes an outer surface protein of B. burgdorferi (Matuschka et al. 1996) .
The objectives of this study were to 1) construct a DNA barcode library for Ixodidae in Canada based on morphologically identified specimens; 2) assess the prospect of a DNA barcode-based specimen identification system for the identification of medically relevant ticks compared to the morphological D r a f t 5 identification of tick specimens to species, through the quantification of intraspecific and interspecific genetic variability; and 3) assess the ability to make species-level diagnoses for ticks and detect the presence of B. burgdorferi in Lyme-competent vectors from within the same genomic DNA sample. In doing so, this study aims to provide support for the use of DNA barcoding as a tool clinicians can use to make tick specimen identifications to assist in assessing potential health risks. In addition to its use as a tool for medical diagnostics, this tool would also help contribute to wider public health goals, including monitoring, the preparation of public health warnings, and in the conduction of epidemiological studies
Methods

Specimens:
A total of 163 specimens were obtained from either the Lyme Disease Association of Ontario (LDAO) or the Biodiversity Institute of Ontario, University of Guelph. 149 specimens were obtained from the LDAO and represent an accumulation of specimens derived from multiple projects carried out over the past two decades (1993) (1994) (1995) (1996) (1997) (1998) (1999) (2000) (2001) (2002) (2003) (2004) (2005) (2006) (2007) (2008) (2009) (2010) (2011) (2012) . The authors attempted to generate DNA barcodes for all the LDAO specimens following the protocols listed below. 14 specimens were obtained from the Biodiversity Institute of Ontario (BIO), which were collected during the 2010 BIOBus field season. The BIOBus is a mobile collection vehicle that travels to North America's parks each summer to collect specimens to DNA barcode (www.biobus.ca). The 14 BIO sequences were generated using standardized and published methods at their high-throughput facility. The majority of the specimens were collected primarily from Canada, with a few collected from mammalian hosts from the United States, Mexico, and Costa Rica (Figures 1 and 2 ).
Ixodid ticks were identified morphologically employing keys by Durden and Keirans (1996) as well as Keirans and Clifford (1978 (RonIIdeg_R and AMR1deg_R cocktail) (Folmer et al. 1994 , Hebert et al. 2004 , Simon et al. 1994 , and Smith et al. 2005 for the preceding half and MLepF1 and C_LepFolR (HCO2198 and LepR1 cocktail) (Hajibabaei et al. 2006 , Folmer et al. 1994 , and Hebert et al. 2004 
DNA Sequence Analysis
Bi-directional sequence contig assemblies were created and edited using Sequencher version 4.8 (Gene Codes Corporation, Ann Arbor, MI). High quality sequences were subsequently aligned via the CLUSTAL W algorithm within MEGA version 6.06, and the alignment was translated to amino acids for verification of proper alignment against the Invertebrate Mitochondrial genetic code (Tamura et al. 2011 ).
Contig assemblies were uploaded to BOLD along with the raw electropherogram files and primer sequences used to generate them. All sequences were pooled into one dataset on BOLD for analysis.
Conspecific and congeneric genetic distances were calculated using the Kimura 2-parameter (K2P) model (Kimura, 1980) in BOLD 3.0. A neighbour-joining tree (Nei and Kumar, 2000) was constructed in MEGA 6.06 using the K2P model to visualize patterns of genetic divergence within and between barcode clusters.
To further examine the significance of barcode clusters, the Barcode Index Number (BIN) system was applied to all sequences longer than 500 base pairs (bp) within this study and more broadly against all specimens on BOLD. The BIN system assigns specimens from various studies to operational taxonomic units (OTUs) based on nucleotide variation in the COI gene using the RESL algorithm (Ratnasingham and Hebert, 2013 Morphological assignments that did not match barcode clusters were subject to re-examination by an expert. The number of misidentifications were noted and corrected as a result of this iterative process.
Testing for B. burgdorferi
Once barcoded, 22 Lyme-competent vector ticks (eight Ixodes scapularis, three I. pacificus, two I. affinis, two I. dentatus, three I. spinipalpis, three I. muris, and one I. baergi) were screened for systemic infection of B. burgdorferi using a nested PCR based test. Only ticks belonging to the genus Ixodes were screened for B. burgdorferi as there have been no confirmed cases of Lyme-competency in ticks of other genera (Burgdorfer et al. 1982) . The whole genomic extraction used in DNA barcoding was screened; therefore, the source of DNA was from the tick leg or exoskeleton. In addition, five I. scapularis exoskeletons that
were not barcoded (due to repetition of species) were also tested for B. burgdorferi. Whole exoskeletons from freshly molted ticks were placed in 95% ethanol within three days of molting. The nested PCR was specific for the gene encoding OspA of B. burgdorferi (Matuschka et al. 1996) . Each PCR run included 2 positive controls collected from Lyme-endemic areas and 2 negative controls. Each PCR reaction totalled 15.7µl and included 0.0625µl dNTPs, 0.625µl MgCl 2 , 1.25µl 10X buffer, 6.25µl 10% trehalose, 0.06µl platinum taq, 0.2µl of each primer cocktail, and 5µl of template DNA or 5µl of PCR product. For PCR primer sequences and position in the OspA gene, see Table 2 . The PCR thermocycle profile included heating for 2 min at 95°C and 40 cycles as follows: 20 seconds denaturation at 95 °C, 20 seconds at 59°C
for the first annealing reaction and 61°C for the nested reaction, and 20 seconds of extension at 72°C D r a f t 9 (Matuschka et al. 1996) . PCR products were visualized on a 2% agarose gel using an E-Gel 96 Pre-cast Agarose Electrophoresis System (Invitrogen).
Results
Species Barcoded and Barcode Quality
This study generated DNA barcodes for 25 morphologically identified species from 5 genera and one unknown Amblyomma specimen. Barcodes were successfully generated for 3.69 ± 0.660 (mean ± SEM) specimens per species, with a range of 1 to 15 barcodes produced per species. The most extensive coverage was of the genus Ixodes, with 16 species barcoded, consisting of 1 to 9 specimens per species ( Figure 3 ). Full length DNA barcodes (> 500 bp) were successfully recovered for 84 specimens and partial barcodes for 13 specimens out of a total of 167 specimens examined. The partial barcodes were primarily produced due to successful sequencing in only one direction. Thus, to ensure accuracy, part of the barcode was trimmed due to a large number of ambiguous bases. The edited sequences had no stop codons and well defined chromatogram peaks, suggesting the absence of pseudogene co-amplification.
Nucleotide composition showed an AT bias within Ixodidae, with a mean of 38.07% T, 29.07% A,
18.43% C, and 14.2% G.
Upon examination of the sequencing results and consultation with ixodid tick experts, five cases of misidentified specimens were detected. Morphologically misidentified specimens (i.e., a Dermacentor occidentalis nymph, an Ixodes dentatus nymph, an Ixodes spinipalpis larva, an Amblyomma sabanerae nymph, and an Ixodes angustus larva) were subject to morphological re-examination and found to be
Rhipicephalus sanguineus, Ixodes muris, Ixodes pacificus, Amblyomma imitator, and Ixodes soricis,
respectively.
Once misidentifications were resolved and corrected, K2P analysis showed that all but two tick species (I.
texanus and I. soricis) separated into distinct haplogroups or "barcode clusters" (Figure 3 ). These two species each contained 2 distinct clusters (clusters A through D as indicated in Figure 3 ), suggesting the D r a f t presence of cryptic diversity. Notably, I. texanus cluster A consisted of 2 specimens with an average intracluster K2P divergence of 0.67% and an average pairwise divergence of 14.97% from cluster B.
Ixodes texanus cluster B consisted of 4 specimens with an average intracluster K2P divergence of 0.64%
(range 0-0.80%). Secondly, I. soricis cluster C consisted of 2 specimens with an average intracluster K2P divergence of .29%. The I. soricis cluster D consisted of 1 specimen with a mean K2P divergence of 4.29% from cluster C.
Due to the 2 I. texanus clusters exhibiting deep genetic divergence similar to that seen at the interspecific level (Figure 3 ), these specimens were morphologically reexamined by an expert. Upon morphological reexamination where information for which individuals sorted into which clusters was withheld, subtle but distinguishable patterns of morphological co-variation were noted between the 2 clusters. When morphological differences and significant genetic divergence are combined, the cryptic species hypothesis is strengthened.
A barcode gap analysis was conducted using the K2P distance model and MUSCLE alignment on the remaining 24 species with distinct haplogroups for sequences ≥ 500 bp in length, which revealed a mean maximum intraspecific divergence of 1.59%, with a range of 0 -14.5%, and a mean nearest neighbour divergence of 12.8%, with a range of 3.6-17.94% (Figure 4 ), suggesting that ixodid ticks display a substantial "barcode gap". The means and ranges of maximum intraspecific divergences within genera were additionally determined and are reported (Table 4) . It is important to note that for 3 species (Ixodes baergi, Ixodes marxi, Amblyomma tuberculatum) only one DNA barcode was generated, and no other reference sequences were publicly available; therefore, the reliability of DNA barcoding for identifying these 3 species cannot be assessed.
To further investigate the barcode clusters generated by the neighbour-joining tree, the BIN system analysis was computed for 90 of the 96 sequences on the hypothesis of cryptic diversity. In addition, the BIN system was utilized to identify the unknown Amblyomma specimen to the species Amblyomma tapirellum, whereas it had previously been identified to genus only based on morphology.
B. burgdorferi Testing Results
Lyme-competent ticks were screened for systemic infection of B. burgdorferi. 17 successfully barcoded ticks were tested in addition to 5 non-barcoded exoskeletons (whose species identities were known). Of 22 ticks tested, 4 (18%) were positive for systemic B. burgdorferi infection (Table 3 ). Of all specimens tested, only I. scapularis ticks were found to test positive, of which 50% of specimens assessed tested positive for the presence of B. burgdorferi.
Discussion
This study represents the first effort at creating a reference DNA barcode library based on morphologically identified tick specimens in Canada. In addition, this study significantly increases the diversity of Ixodidae species represented on BOLD, as it added 21 unrepresented species to BOLD. A limitation of this study was the incomplete representation of all Ixodidae species in Canada, being able to only include 24 of the approximately 40 species known to occur in Canada (Canadian Lyme Disease Foundation 2016).
This study further demonstrates the ability of DNA barcodes to effectively discriminate tick species due to the presence of a substantial "barcode gap," with the minimum pairwise distance to the nearest D r a f t 12 neighbouring species being 8x greater than the mean maximum intraspecific distance. In addition to the barcode gap, there was no overlap seen between intra and interspecies variation.
DNA barcoding also has the ability to reveal interesting findings that can be difficult or impossible to reveal through morphological examination. Firstly, DNA barcoding revealed 5 morphological misidentifications, which demonstrates the difficulty, even for experts, in identifying immature life stages, and the utility of DNA barcoding to aid in these challenging specimen identifications. Secondly, this study revealed two cases of deep genetic divergence in species morphologically identified as Ixodes texanus and Ixodes soricis. For Ixodes texanus, this genetic divergence was further supported by subtle morphological variation which further strengthens the cryptic species hypothesis. When evaluating species that have not been previously barcoded, cryptic species are often revealed (Clarke et al. 2006; Hebert et al. 2004; Smith 2008; Witt et al. 2006 ).
The revelation of cryptic diversity is of particular relevance for numerous ixodid tick species. In a study comparing 400 successfully barcoded ixoded ticks by Zhang and Zhang (2014), 12 species of ticks were found to exhibit exceptionally high intraspecific divergences out of a total 70 species across 14 genera.
The authors suggest that this could represent the presence of cryptic diversity, but could also be a result of D r a f t
13
A limitation present in this study and in all genetic methods for identifying species is that sequence generation rates can be less than ideal if the specimens are aged or not properly preserved (Watts et al. 2007; King and Porter, 2004) . The authors suspect that DNA barcodes were only generated for 96 out of 166 specimens in this study due to DNA degradation caused by specimens age (up to 18 years), and the majority of the specimens being improperly stored in isopropyl alcohol as opposed to standard 95%
ethanol.
The first tick-focused DNA barcode study was published by Lv et al. (2014a) . Lv et al. (2014a) argue for the use of a three-gene DNA barcode system, including CO1, 16S, and 18S, for ticks as opposed to using COI alone. The reasoning behind using three-gene systems is not because it more accurately provides species delineations, but rather that there is not a sufficient COI sequence library on BOLD or GenBank to provide species-level matches for some tick species. While Lv et al. provide a novel solution to the lack of reference sequence library, this solution creates additional costs and efforts for limited added benefit and primarily relies on GenBank data that lacks the data integrity that BOLD offers. BOLD requires that all sequences must be associated with the following criteria in order to be considered a "barcodecompliant" sequence: 1) species name, 2) voucher information (including catalogue number and institution storing), 3) collection information (collector, collection date, and location with GPS coordinates), 4) identifier of the specimen, 5) for animals a COI sequence of at least 500 bp, 6) polymerase chain reaction (PCR) primers used to generate the amplicon, 7) raw trace files (Ratnasingham et al. 2007 ). These community standards increase the level of transparency, reproducibility, and taxonomic confidence of DNA barcoding (Ondrejicka et al. 2014 ) and even allow scientists to request voucher specimens when there are discrepancies between specimen identifications. In a follow up study, Lv et al. (2014b) found that there was no significant difference in the efficacy of 12S, 16S, ITS2, or COI for use in the identification of tick specimens; however, they found the use of COI ideal due to the utility and large COI sequence collection of BOLD.
D r a f t 14
In addition to increasing data integrity, BOLD offers new prospects for linking tick specimen identification with the identification of the tick`s host. In 2012, a study by Gariepy et al. validated a method to use DNA barcoding to identify the host species through tick bloodmeals. When both tick and host identifications are linked on BOLD, this becomes a powerful tool for ecologists.
B. burgdorferi Testing
While midgut or whole specimen testing is the norm when screening for B. burgdorferi, systemic testing was used in this study for three reasons (Persing et al. 1990 ). 1) A leg DNA extract, which was initially used for barcoding, was easily screened for B. burgdorferi without further harming the morphological voucher specimen. 2) vVery few studies have examined the rate of systemic infections, especially in less common vector ticks, such as I. muris. It is also known that systemic infection varies by species (Crippa et al. 2002) 
. 3) No known studies have attempted to test tick exoskeletons for the presence of B.
burgdorferi.
It is important to note that performing a systemic test for B. burgdorferi does not rule out the possibility that a particular tick harbours a midgut infection. Therefore, additional Lyme-competent specimens included in this study may be infected in their midgut, but not exhibiting a systemic infection, suggesting that our results represent a conservative estimate of infection rate. While individuals from 7 Lymecompetent species were tested, only I. scapularis ticks were positive in this study. Notably, this study is the first to detect B. burgdorferi from an exoskeleton. This finding may provide a method of investigating the infection status of morphologically important voucher specimens, without sacrificing the specimen or distorting any anatomical part of the newly-molted tick. Further research should investigate the frequency of exoskeleton infection compared to midgut infection. As well, future studies should verify that the same abdominal-derived extract might be used for both host identification and infection status determination.
The ability to both identify specimens to species level and to screen for important pathogens from the same whole genomic extract allows for expanded applications of DNA barcoding for public health D r a f t monitoring. Real-time quantitative PCR (qPCR) has been shown to be a fast and highly accurate technique for use in the detection and quantification of bacterial pathogens present in municipal water sources to screen for potential risks of pathogen exposure (Shannon et al. 2007) . A duplexed qPCR assay designed to be able to simultaneously identify if a specimen is an important Lyme-competent vector with species-specific accuracy (for example, I. scapularis) and identify the presence of B. burgdorferi within a specimen (for example, by detecting the OspA gene) within a single DNA extract could allow for the rapid and accurate screening of potential tick-related health risks. The ability to identify host identities as well as information about pathogen presence is valuable, as it can allow for improved risk assessments.
Being able to determine if you have the right host species as well as being able to determine if the particular specimen poses a risk of pathogen transmission to the public simultaneously can allow for more rapid and more informed risk-prevention decisions. Further study into the suitability of assays like realtime qPCR for the simultaneous identification of pathogen host and pathogen presence for the screening of Lyme-competent ticks is recommended.
Conclusion
This study significantly increases the barcode reference sequence library for Canadian ticks. It also demonstrates the presence of a "barcode gap," with the distance between nearest neighbour species being 8x greater than the mean maximum intraspecific variation, suggesting that barcodes are highly effective for discriminating tick species. Importantly, it extends our ability to confidently identify immature stages, Tables   Table 1. Primer sequences used in PCR for DNA barcoding. Neighbour joining tree analysis of 96 tick sequences from 5 genera, including 26 different species. Analysis was conducted using a Kimura 2 Parameter (K2P) distance model with branch lengths drawn to scale. The terminal node of each haplogroup was collapsed, with the height of the terminal node proportional to the number of sequences and depth proportional to sequence divergence within a haplogroup. Analysis shows ixodid tick species distinguish into distinct haplogroups or "barcode clusters", with the exception of I. texanus (clusters A and B), and I. soricis (clusters C and D) with each distinguishing into two haplogroups each (indicated as Cluster A-D). Evolutionary analysis and tree construction were performed using MEGA 6.06.
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Figure 4.
Barcode gap analysis comparing the maximum intraspecific distances with the nearest neighbor distances (a metric of interspecific distance) using a Kimura 2 Parameter distance model and a MUSCLE alignment. All non-singleton species of ixodid ticks with DNA barcodes of ≥ 500 bp length successfully generated in this study were included in the analysis. The majority of species showed low maximum intraspecific distances and large nearest neighbor distances (solid black dots), indicating the presence of a "barcode gap". Two notable outliers were observed: 1) Ixodes soricis (solid white dot) was found to have a greater nearest neighbor distance than maximum intraspecific distance, and 2) I. texanus (white dot with cross) was found to have much larger divergences than all other included species, with a 9.1x greater maximum intraspecific distance than the mean maximum intraspecific divergence observed. 
